TITLE OF THE INVENTION 

MAGNETIC SENSOR AND METHOD OF PRODUCING THE SAME 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a magnetic sensor 
using a magnetoresistance effect (raagnetoresistive effect) 
element containing a pinned layer and a free layer, and 
more particularly to a magnetic sensor having two or more 
magnetoresistance effect elements formed on a single chip 
where the magnetization directions of the pinned layers of 
the magnetoresistance effect elements cross each other, as 
well as a method of producing the same. 

2. Description of the Background Art s- r o 
Hitherto, as an element usable in/a magnetic sensor, 

there are known a giant mnqnntrnr i ni ntnfinrr element (GMR 
element), a magnetic tunnel effect element (TMR element, 
tunnel GMR), and others. These magnetoresistance effect 
elements are provided with a pinned layer whose 
magnetization direction is pinned (fixed) in a 
predetermined direction and a free layer whose 
magnetization direction changes in accordancie with an 
external magnetic field, thereby exhibiting a resistance 
value that accords with the relative relationship between 
the magnetization direction of the pinned layer and the 
magnetization direction of the free layer. 

However, it is difficult to form two or more 
magnetoresistance effect elements on a single minute chip 



1 



where the magnetization directions of the pinned layers of 
the magnetoresistance effect elements cross each other. 
Such a single chip has not been proposed yet, and therefore 
there arises a problem such that a magnetic sensor made of 
a single chip using a magnetoresistance effect element 
cannot have a wider application range due to the 
restriction imposed on the magnetization direction of the 
pinned layer. 

SUMMARY OF THE INVENTION 

A characteristic feature of the present invention 
lies in a magnetic sensor including a magnetoresistance 
effect element that contains a pinned layer and a free 
layer, said magnetoresistance effect element having a 
resistance value that changes in accordance with a relative 
angle formed by (or between) the magnetization direction of 
the pinned layer and the magnetization direction of the 
free layer, said magnetic sensor being formed in such a 
manner that a plurality of said magnetoresistance effect 
elements are provided on a single chip (one and the same 
substrate), and the pinned layers of at least two of said 
plurality of magnetoresistance effect elements have 
magnetization directions that cross each othfcr. 

This allows that, since magnetoresistance effect 
elements in which the magnetization directions of the 
pinned layers cross each other are formed on one and the 
same substrate, a magnetic sensor having a small size and a 
wide application range is provided. 

Another characteristic feature of the present 
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invention lies in a method of producing a magnetic sensor 
including a magnetoresistance effect element that contains 
a pinned layer and a free layer, said magnetoresistance 
effect element having a resistance value that changes in 
accordance with a relative angle formed by the 
magnetization direction of the pinned layer and the 
magnetization direction of the free layer, said method 
including the steps of: forming a layer containing a 
magnetic layer that will become said pinned layer (for 
example, an antif erromagnetic layer and a ferromagnetic 
layer) in a predetermined configuration on a substrate; 
forming magnetic -field- applying magnetic layers for 
applying a magnetic field to the layer containing the 
magnetic layer that will become said pinned layer; 
magnetizing said magnetic-field- applying magnetic layers; 
and pinning the magnetization direction of the magnetic 
layer that will become said pinned layer with the residual 
magnetization of said magnetic-field- applying magnetic 
layers . 

According to the method above, the magnetic-field- 
applying magnetic layers for applying a magnetic field to 
the layer containing the magnetic layer that will become 
the pinned layer arfe formed, for examplfe, by plating or the* 
like, and thereafter these magnetic- field-applying magnetic 
layers are magnetized. The magnetic field produced by the 
residual magnetization of the aforesaid magnetic-field- 
applying magnetic layers then pins the magnetization 
direction of the magnetic layer that will become the 
aforesaid pinned layer. In this case, the step of forming 
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said magnetic-field-applying magnetic layers is 
advantageously a step of forming said magnetic-f ield- 
applying magnetic layers so as to sandwich the layer 
containing the magnetic layer that will become said pinned 
layer in a plan view, and the magnetization direction of 
said- magnetic-f leld- applying magnetic layers is 
advantageously different from a direction of the magnetic 
field produced by said residual magnetization. 

The direction of the magnetic field produced by the 
residual magnetization of the aforesaid magnetic-field- 
applying magnetic layers is dependent on the shape of the 
end surface of the magnetic-field-applying magnetic layers. 
Therefore, by making a suitably shaped end surface or by 
suitably placing the layer containing the magnetic layer 
that will become the pinned layer with respect to the end 
surface, the layer containing the magnetic layer that will 
become the pinned layer can be imparted with a 
magnetization having an arbitrary direction. This allows 
that two or more magnetoresistance effect elements having 
pinned layers with magnetizations pinned in different 
directions from each other can be easily produced on one 
and the same substrate. 

Still anbther characteristic feature of the present 
invention lies in a method of producing a magnetic sensor 
including a magnetoresistance effect element that contains 
a pinned layer and a free layer, said magnetoresistance 
effect element having a resistance value that changes in 
accordance with a relative angle formed by a magnetization 
direction of the pinned layer and a magnetization direction 
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of the free layer, said method including the steps of 
preparing a magnet array constructed in such a manner that 
a plurality of permanent magnets are arranged at lattice 
points of a square lattice, where a polarity of a magnetic 
pole of each permanent magnet is different from a polarity 
of other magnetic poles that are adjacent thereto and 
spaced apart therefrom by the shortest distance; disposing 
a wafer in which a layer containing a magnetic layer that 
will at least become said pinned layer has been formed, 
above said magnet array; and pinning the magnetization 
direction of the magnetic layer that will become said 
pinned layer by using a magnetic field formed between one 
of said magnetic poles and another of said magnetic poles 
that is adjacent thereto and spaced apart therefrom by the 
shortest distance . 

The above-mentioned magnet array is constructed in 
such a manner that a plurality of permanent magnets are 
disposed at lattice points of a square lattice, where a 
polarity of a magnetic pole of each permanent magnet is 
different from a polarity of other magnetic poles that are 
adjacent thereto and spaced apart therefrom by the shortest 
distance. Therefore, above the magnet array, in a plan view 
of the magnet array, a magnetic field in the rightward 
direction from one N-pole to the S-pole located on the 
right side of the N-pole, a magnetic field in the upward 
direction from the N-pole to the S-pole located on the 
upside of the N-pole, a magnetic field in the leftward 
direction from the N-pole to the S-pole located on the left 
side of the N-pole, and a magnetic field in the downward 
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direction from the N-pole to the S-pole located on the 
downside of the N-pole are formed (See Figs. 56 and 57). 
Similarly, to one S-pole, a magnetic field in the leftward 
direction from the N-pole located on the right side of the 
S-pole, a magnetic field in the downward direction from the 
N-pole located on the upside of the S-pole, a magnetic 
field in the rightward direction from the N-pole located on 
the left side of the S-pole, and a magnetic field in the 
upward direction from the N-pole located on the downside of 
the S-pole are formed. The above- described method pins the 
magnetization direction of the layer that will become the 
pinned layer by using these magnetic fields, whereby a 
magnetic sensor in which the magnetization directions of 
the pinned layers cross each other (in this case, 
perpendicular to each other) can be easily produced on a 
single chip. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects, features, aspects, and 
advantages of the present invention will become more 
apparent from the following detailed description of the 
present invention when taken in conjunction with the 
accompanying drawings, in which, 

Fig. 1 is a conceptual plan view illustrating a 
magnetic sensor according to embodiment 1 and embodiment 2 
of the present invention; 

Fig. 2 is an enlarged view of the magnetic tunnel 
effect element (group) shown in Fig. 1; 

Fig. 3 is a cross -sectional view of the magnetic 



6 



tunnel effect element (group) shown in Fig. 2 and cut with 
a plane along the line 1-1; 

Fig. 4 is a schematic plan view of the magnetic 
tunnel effect element shown in Fig. 3, illustrating an 
ant if erromagnetic film and a ferromagnetic film (pinned 
layer) of the element; 

Fig. 5 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 6 is a schematic cross- sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 7 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 8 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 9 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 10 is a schematic cross-sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 11 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 12 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 



7 



during the production; 

Fig. 13 is a schematic plan view of the magnetic 
sensor according to embodiment 1 at one stage during the 
production; 

Fig. 14 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 15 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 16 is a schematic cross* sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the production; 

Fig. 17 is a schematic cross-sectional view of the 
magnetic sensor according to embodiment 1 at one stage 
during the productions- 
Fig. 18 is a graph depicting the change of the MR 
ratio of one magnetic tunnel effect element (group) shown 
in Fig. 1 when an external magnetic field changing in 
magnitude in the longitudinal direction (X-axis direction) 
of the element is applied to the element; 

Fig. 19 is a graph depicting the change of the MR 
ratio of one magnetic tunnel effect element (group) shown 
in Fig. 1 when an external magnetic field changing in 
magnitude in the direction (Y-axis direction) perpendicular 
to the longitudinal direction of the element is applied to 
the element; 

Fig. 20 is a graph depicting the change of the MR 
ratio of the other magnetic tunnel effect element (group) 
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shown in Fig. 1 when an external magnetic field changing in 
magnitude in the direction (X-axis direction) perpendicular 
to the longitudinal direction of the element is applied to 
the element ; 

Fig. 21 is a graph depicting the change of the MR 
ratio of the other magnetic tunnel effect element (group) 
shown in Fig. 1 when an external magnetic field changing in 
magnitude in the longitudinal direction (Y-axis direction) 
of the element is applied to the element; 

Fig. 22 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 23 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 24 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 25 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 26 is a schematic cross-sectional view of the 
magnetic sensor according to embodiment 2 at one* stage 
during the production; 

Fig. 27 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 28 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
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during the production; 

Fig. 29 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 30 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 31 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 32 is a schematic cross-sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 33 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 34 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig. 35 is a schematic cross -sectional view of the 
magnetic sensor according to embodiment 2 at one stage 
during the production; 

Fig, 36 is a grapTi depicting the charige of the MR 
ratio of one magnetic tunnel effect element (group) 
according to embodiment 2 when an external magnetic field 
changing in magnitude in the longitudinal direction (X-axis 
direction in Fig. 1) of the element is applied to the 
element ; 

Fig. 37 is a graph depicting the change of the MR 
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ratio of one magnetic tunnel effect element (group) 
according to embodiment 2 when an external magnetic field 
changing in magnitude in the direction (Y-axis direction in 
Fig. 1) perpendicular to the longitudinal direction of the 
element is applied to the element; 

Fig. 38 is a graph depicting the change of the MR 
ratio of the other magnetic tunnel effect element (group) 
according to embodiment 2 when an external magnetic field 
changing in magnitude in the direction (X-axis direction in 
Fig.. 1) perpendicular to the longitudinal direction of the 
element is applied to the element; 

Fig. 39 is a graph depicting the change of the MR 
ratio of the other magnetic tunnel effect element (group) 
according to embodiment 2 when an external magnetic field 
changing in magnitude in the longitudinal direction (Y-axis 
direction in Fig. 1) of the element is applied to the 
element ; 

Fig. 40 is a graph depicting the magnetization curves 
of a pinned layer and a free layer when a magnetic field 
changing in magnitude within the direction perpendicular to 
the magnetization direction of the pinned layer is applied 
to a magnetic tunnel effect element group according to 
embodiment 1 and 2; 

Fig. 41 is a plan view of another substrate, 
according to the present invention, having a differently 
configured plating film formed thereon; 

Fig. 42 is a schematic plan view of a magnetic sensor 
according to embodiment 3 of the present invention; 

Fig. 43 is a schematic enlarged plan view of the 
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first X-axis GMR element shown in Fig. 42; 

Fig- 44 is a schematic cross - sectional view of the 
first X-axis GMR element shown in Fig. 43 and cut with a 
plane along the line 2-2 of Fig. 43; 

Fig. 45 is a view illustrating a construction of a 
spin valve film of the first X-axis GMR element shown in 
Fig. 43; 

Fig. 46 is a graph depicting the change in the 
resistance value (solid line) of the first X-axis GMR 
element shown in Fig. 43 relative to a magnetic field 
changing in the X-axis direction and the change in the 
resistance value (broken line) of the element relative to a 
magnetic field changing in the Y-axis direction; 

Fig. 47 is an equivalent circuit diagram of an X-axis 
magnetic sensor included in the magnetic sensor shown in 
Fig. 42; 

Fig. 48 is a graph depicting the change in the output 
voltage (solid line) of the X-axis magnetic sensor shown in 
Fig. 47 relative to a magnetic field changing in the X-axis 
direction and the change in the output voltage (broken 
line) of the sensor relative to a magnetic field changing 
in the Y-axis direction; 

Fig. 49 is a graph depicting the change in the output 
voltage (solid line) of the Y-axis magnetic sensor included 
in the magnetic sensor shown in Fig. 42 relative to a 
magnetic field changing in the X-axis direction and the 
change in the output voltage (broken line) of the sensor 
relative to a magnetic field changing in the Y-axis 
direction; 



12 



Fig. 50 is a plan view of quartz glass on which a 
spin valve film has been formed at one stage during the 
production of the magnetic sensor shown in Fig. 42; 

Fig. 51 is a plan view of a metal plate for preparing 
a magnet array to be used in the production of the magnetic 
sensor shown in Fig. 42; 

Fig. 52 is a cross-sectional view of the metal plate 
and the permanent bar magnets shown in Fig. 51 and cut with 
a plane along the line 3-3 of Fig. 51; 

Fig. 53 is a plan view of a plate for forming a 
magnet array to be used in the production of the magnetic 
sensor shown in Fig. 42; 

Fig. 54 is a cross -sectional view of the magnet array 
to be used in the production of the magnetic sensor shown 
in Fig. 42; 

Fig. 55 is a cross -sectional view showing a step in 
the production of the magnetic sensor shown in Fig. 42; 

Fig. 56 is a perspective view illustrating some 
magnets taken out from the magnet array shown in Fig. 54; 

Fig. 57 is a conceptual view illustrating a method 
for pinning the magnetization direction of the pinned layer 
of each GMR element of the magnetic sensor shown in Fig. 
42; 

Fig. 58 is a view illustrating a relationship between 
the magnetic sensor shown in Fig. 4 2 and the azimuth; and 

Fig. 59 is a graph depicting an output voltage of the 
magnetic sensor shown in Fig. 42 relative to the azimuth. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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Hereafter, embodiments of the magnetic sensor 
according to the present invention will be described with 
reference to the attached drawings. The magnetic sensor 
according to the first embodiment includes a generally 
square-shaped substrate 10 made of, for example, Si0 2 /Si, 
glass, or quartz, two magnetic tunnel effect elements 
(groups) 11, 21, a coil 30 for bias magnetic field, and a 
plurality of electrode pads 40a to 40f , as illustrated in 
the plan view of Fig. 1. Magnetic tunnel effect elements 
(groups) 11, 21 and coil 30 for bias magnetic field are 
connected respectively to electrode pads 40a. 40b, 40c, 40d, 
and 40e, 40f . Since magnetic tunnel effect element (group) 
11 and magnetic tunnel effect element (group) 21 are 
identical in structure, magnetic tunnel effect element 
(group) 11 will be described hereafter as a representative 
example, and the description of magnetic tunnel effect 
element (group) 21 will be omitted. 

Magnetic tunnel effect element (group) 11 is made of 
a plurality of (in this example, twenty) magnetic tunnel 
effect elements that are connected in series, as 
illustrated in the enlarged plan view of Fig. 2. Each 
magnetic tunnel effect element includes a plurality of 
lower electrodes 12 having a rectangular shape in a plan 
view on substrate 10, as illustrated in Fig. 3 showing a 
partial cross-sectional view along the 1-1 plane of Fig. 2. 
Lower electrodes 12 are arranged in a row and spaced apart 
from each other by a predetermined distance in the lateral 
direction. Lower electrodes 12 are made of Ta (which may be 
Cr or Ti), which is an electrically conductive non-magnetic 
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metal material, and are formed to have a thickness of about 
30 nm. On each lower electrode 12 is respectively laminated 
an antif erromagnetic film 13 made of PtMn having a 
thickness of about 30 nm and formed to have the same planar 
shape as lower electrode 12. v 

A pair of ferromagnetic films YA , 14 made of NiFe 
having a thickness of about 20 nm saafc laminated at an 
interval on each antif erromagnetic film 13. These 
ferromagnetic films 14, 14 have a rectangular shape in a 
plan view and are arranged so that the longer sides thereof 
oppose each other in parallel. The ferromagnetic films 14 , 
14 constitute a pinned layer in which the magnetization 
direction is pinned by the antif erromagnetic film 13. The 
ferromagnetic films 14, 14 are magnetized in the direction 
of arrows in the partially enlarged plan view of Fig. 4_ 
(i.e. in the rightward direction). Here, the C~dt the itYrom^ 



antif erromagnetic film 13 and the ferromagnetic films 
(pinned layers) 14, 14 constitute a fixed magnetization 
layer in which the magnetization direct ion^is substantially 
fixed (i.e. having a fixed magnetization axis). 

On each ferromagnetic film 14 is formed an insulating 
layer 15 having the same planar shape as the ferromagnetic 
film 14. This insulating layer 15 is made of A1 2 0 3 (Al-0), 
which is an insulating material, and is formed to have a 
thickness of about 1 nm. 

On the insulating layer 15 is formed a ferromagnetic 
film 16 having the same planar shape as the insulating 
layer 15 and made of NiFe with a thickness of about 80 nm. 
This ferromagnetic film 16 constitutes a free layer (free 




15 



magnetization layer) whose magnetization direction changes 
in accordance with the direction of an external magnetic 
field, and constitutes a magnetic tunnel junction structure 
together with the pinned layer made of the aforesaid 
ferromagnetic film 14 and the aforesaid insulating layer 15. 
In other words, the antif erromagnetic film 13, the 
ferromagnetic film 14, the insulating layer 15, and the 
ferromagnetic film 16 constitute one magnetic tunnel effect 
element (excluding the electrodes and others). 

On each ferromagnetic film 16 is respectively formed 
a dummy film 17 having the same planar shape as each 
ferromagnetic film 16. This dummy film 17 is constituted 
with an electrically conductive non-magnetic metal material 
made of a Ta film having a thickness of about 40 nm. 

An interlayer insulating layer 18 for insulated 
separation of the plurality of lower electrodes 12 and the 
antif erromagnetic film 13 and for respective insulated 
separation of the pair of ferromagnetic films 14, the 
insulating layers 15, the ferromagnetic films 16, and the 
dummy films 17 disposed on each antif erromagnetic film 13 
is formed in a region that covers the substrate 10, lower 
electrode 12, antif erromagnetic film 13, ferromagnetic 
films 14, insulating layers 15, ferromagnetic filnls 16, and 
dummy films 17. The interlayer insulating layer 18 is made 
of Si0 2 and has a thickness of about 2 50 nm. 

Through this interlayer insulating layer 18, a 
contact hole 18a is respectively formed on each dummy film 
17. Upper electrodes 19, 19 made of, for example, Al having 
a thickness of about 300 nm are respectively formed so as 
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to fill in the contact hole 18a and to electrically connect 
each one of the pair of dummy films 17, 17 disposed on a 
different lower electrode 12 (and antif erromagnetic film 
13). Thus, by electrically connecting each of the 
ferromagnetic films 16 , 16 (each of the dummy films 17 , 17) 
and each of the antif erromagnetic films 13, 13 of a pair of 
adjacent magnetic tunnel junction structures alternately 
and successively with the lower electrode 12, 
antif erromagnetic film 13, and upper electrode 19, there is 
formed a magnetic tunnel effect element (group) 11 in which 
a plurality of magnetic tunnel junction structures whose 
pinned layers have the same magnetization direction are 
connected in series. Here, a protective film made of SiO 
and SiN (illustration omitted) is formed on the upper 
electrodes 19, 19. lender 

The coil 30 is for imparting a bias Magnetic field of 
alternating current to the above-describeu magnetic tunnel 
effect elements (groups) 11, 21, and is buried in the upper 
part of substrate 10 so as to extend brlow the magnetic 
tunnel effect elements (groups) 11, 21 in a direction 
parallel to the magnetization direction of the pinned layer 
of the magnetic tunnel effect elements (groups) 11, 21. 

Next, a method of producing the above-mentioned 
magnetic tunnel effect elements will be described with 
reference to Figs. 5 to 17. Here, in Figs. 5 to 12 and Figs 
14 to 17, a magnetic tunnel effect element group made of 
four magnetic tunnel effect elements that are connected in 
series is shown for the sake of description. Further, in 
these Figures, illustration of coil 30 is omitted. 



First, as illustrated in Fig. 5, a film made of Ta 
constituting the lower electrode 12 is formed to a 
thickness of about 30 nm by sputtering on a substrate 10 
(which is, at this stage, one sheet of substrate from which 
a plurality of magnetic sensors will be obtained by a later 
dicing process). Then, a film made of PtMn and a film made 
of NiFe for constructing the antif erromagnetic film 13 and 
the ferromagnetic film (pinned layer) 14 of the fixed 
magnetization layer are formed to have a thickness of 30 nm 
and 20 nm, respectively, by sputtering. In this description, 
the lower electrode 12, the PtMn film which will be the 
antif erromagnetic film 13, and the FeNi film which will be 
the ferromagnetic film 14 are referred to as a lower 
magnetic layer S J . 

Thereafter, Al is laminated for only 1 nm, and this 
is oxidized by oxygen gas to form n f i 1m mndo ci£ v Al 2 Q3 (Al- 
0)V which will become the insulating layer 15. Subsequently, 
a film made of NiFe constituting the ferromagnetic film 16 
of the free layer is formed, for example, to have a 
thickness of 80 nm by sputtering, and a film made of Ta 
constituting the dummy film 17 is formed to have a 
thickness of 40 nm thereon. Here, the ferromagnetic film 16 
and the dummy film 17 are referred to as an upper magnetic 
layer U J . Next, by ion milling or the like, the upper 
magnetic layer UJ is processed for separation, as 
illustrated in Fig. 6, and the lower magnetic layer SJ is 

proces sed for se paration, as illustrated in Fig. 7. J 

^ Next , as illustrated in Fig. 8, a film made of Si0 2 
constituting the interlayer insulating layer 18 is formed 

As » y„Jt, -He Ur « yrtiJun*»*i c^ur. 

» J. o 

js TormtiL. 



by sputtering so that the thickness thereof on the elements 
will be 250 nm, and a film made of Cr and a film made of 
NiFe are formed thereon by sputtering to have a thickness 
of 100 nm and 50 nm, respectively, as a plating underlayer 
film. Next, a resist 51 is applied, as illustrated in Fig. 
9. The resist 51 is patterned into a predetermined shape so 
as not to cover the part where the plating will be carried 
out later. 

Next, as illustrated in Fig. 10, the wafer is plated 
with NiCo as a magnetic-field- applying magnetic layer. The 
thickness of NiCo is, for example, set to be 10 Mm. Then, 
after the resist is removed as illustrated in Fig. 11, the 
entire surface is subjected to milling (Ar milling) to 
remove NiFe formed as the plating underlayer film, as 
illustrated in Fig. 12. 

Fig. 13 is a plan view of the wafer in this state. 
Here, in Fig. 13, each of the substrates that will be 
separated from each other by a later dicing process are 
denoted with the reference numeral 10 for convenience sake. 
Referring to Fig. 13, by the previous patterning of the 
resist, the magnetic-field-applying magnetic layers (NiCo) 
are each formed to have a generally square shape with its 
center lodated at the center of four adjacent substrates 10 
which will be separated from each other later, and are 
disposed so as to exclude parts (its portions) located 
immediately above the magnetic tunnel effect elements 
(groups) 11, 21 in the longitudinal direction and in the 
lateral direction (i.e. so as to sandwich the layea^that 
will be the magnetic tunnel effect elements 
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where the lower magnetic layer SJ including the magnetic 
layer that will be the pinned layer frfcJaa T^^Virtir 1 -y~r 
flint 1 will hr thr pin lnyer fci is formed in a plan view) . In 
this state, a magnetic field having a strength of about 
1000 (Oe) is given in the direction parallel to the 
diagonal line of the square that each magnetic-field- 
applying magnetic layer forms, so as to magnetize the 
magnetic-field-applying magnetic layer in the direction 
shown by arrow A in Fig. 13. 

Next, the aforesaid magnetic field is removed. At 
this time, the residual magnetization of the magnetic- 
field-applying magnetic layer generates a magnetic field in 
the direction from the upper side of each magnetic-field- 
applying magnetic layer to the lower side of an adjacent 
magnetic-field-applying magnetic layer and a magnetic field 
in the direction from the right side of each magnetic- 
field-applying magnetic layer to the left side of an 
adjacent magnetic-field-applying magnetic layer, as shown 
by arrows B in Fig. 13. For this reason, to the parts that 
will become the magnetic tunnel effect elements (groups) 11 
21, a magnetic field parallel to the longitudinal direction 
of the parts is applied. Then, in order to form the 
antif erromagnetic film 13 made of PtMn into an ordered 
alloy and to impart an exchange coupling magnetic field Hex 
a high-temperature annealing process is carried out to put 
the wafer into a high-temperature environment. As a result 
of this, the magnetic tunnel effect elements (groups) 11, 
21 formed on one and the same substrate 10 will have pinned 
layers that are magnetized (pinned) in different directions 
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from each other (in this case, in the directions that are 
perpendicular to each other). In other words, the magnetic 
tunnel effect elements (groups) 11, 21 will each have a 
fixed magnetization axis in the direction shown by the 
arrows in Fig. 1. 

Subsequently, as illustrated in Fig, 14, the NiCo 
which is the plating film and the sputtered NiFe (which is 
the plating underlayer film) are removed by acid, and Cr is 
removed by milling, as illustrated in Fig. 15- Thereafter, 
as illustrated in Fig. 16, a contact hole 18a is formed 
through the interlayer insulating film 18; an Al film is 
formed to have a thickness of 300 nm by sputtering as 
illustrated in Fig. 17; and the Al film is processed in a 
wiring pattern to form an upper electrode 19. 

Then, electrode pads 40a to 40f illustrated in Fig. 1 
are formed on the substrate 10, and the electrode pads 40a 
to 4 Of are respectively connected to the magnetic tunnel 
effect elements (groups) 11, 21 and the coil 30. Finally, a 
film (not illustrated) made of SiO having a thickness of 
150 nm and a film (not illustrated) made of SiN having a 
thickness of 1000 nm are formed as a protective film 
(passivation film) by CVD. Thereafter, a part of the 
protective film is opened by milling, RIE, 6r etching using 
a resist mask to expose the electrode pads 40a to 40f . 
Subsequently, the substrate is subjected to back grinding 
(thinning by grinding); the substrate is separated into 
individual magnetic sensors by dicing; and finally, the 
packaging is carried out. 

To the magnetic tunnel effect element (group) 11 thus 
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produced and shown in Fig. 1, external magnetic fields 
changing in magnitude along the respective axes in the X- 
axis direction shown in Fig. 1 and in the Y-axis direction 
perpendicular to the X-axis were applied, so as to measure 
the resistance changing ratio MR (MR ratio) at the time the 
magnetic fields were applied. The results are shown in Figs. 
18 and 19. As will be clear from Figs. 18 and 19, the MR 
ratio of the magnetic tunnel effect element (group) 11 
changed more greatly in response to the external magnetic 
field changing in the X-axis direction than to the external 
magnetic field changing in the Y-axis direction. This has 
confirmed that, in the magnetic tunnel effect element 
(group) 11, the magnetization direction of the pinned layer 
thereof is parallel to the X-axis. 

- Similarly, to the magnetic tunnel effect element 
(group) 21 shown in Fig. 1, external magnetic fields 
changing in magnitude along the respective axes in the X- 
axis direction and in the Y-axis direction were applied, so 
as to measure the resistance changing ratio MR (MR ratio) 
at the time the magnetic fields were applied. The results 
are shown in Figs. 20 and 21. As will be clear from Figs. 
20 and 21, the MR ratio of the magnetic tunnel effect 
element (group) 21 changed more greatly in response to the 
external magnetic field changing in the Y-axis direction 
than to the external magnetic field changing in the X-axis 
direction. This has confirmed that, in the magnetic tunnel 
effect element (group) 21, the magnetization direction of 
the pinned layer thereof is parallel to the Y-axis. In 
other words, it has been confirmed that, on one and the 



22 



same substrate 10, this magnetic sensor has two magnetic 
tunnel effect elements (magnetoresistance effect elements) 
having pinned layers that are pinned so that the 
magnetization directions thereof are different from each 
other (i.e. so that the magnetization directions thereof 
cross each other) . 

Next, a magnetic sensor according to the second 
embodiment will be described. The second embodiment is 
different from the first embodiment only in that, whereas 
the fixed magnetization layer of the first embodiment is 
constituted with PtMn and NiFe, the fixed magnetization 
layer of the second embodiment is constituted with a film 
made of MnRh having a thickness of 30 nm and a film made of 
NiFe (pinned layer) having a thickness of 40 nm. On the 
other hand, by this difference in the material of the fixed 
magnetization layer, the method of producing the second 
embodiment is a little different from that of the first 
embodiment, which will be described as follows. 

Namely, in the second embodiment, as illustrated in 
Fig. 22, a film made of Ta having a thickness of 30 nm, a 
film made of MnRh having a thickness of 30 nm, and a film 
made of NiFe having a thickness of 40 nm are formed on a 
substrate 10 by sputtering so as to form a lower magnetic 
layer SJ. Subsequently, an Al film of 1 nm is formed and 
oxidized to form an insulating layer 15. A film made of 
NiFe having a thickness of 40 nm and a film made of Ta 
having a thickness of 40 nm are formed thereon so as to 
form an upper magnetic layer UJ. 

Subsequently, as illustrated in Fig. 23, the upper 
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magnetic layer UJ is processed for separation, and the 
lower magnetic layer SJ is processed for separation, as 
illustrated in Fig. 24. Next, as illustrated in Fig. 25, 
Si0 2 is sputtered to form a film having a thickness of 250 
nm so as to form an interlayer insulating layer 18, and 
successively a contact hole 18a is formed through the 
interlayer insulating layer 18, as illustrated in Fig. 26. 
Subsequently, as illustrated in Fig. 27, Al is sputtered to 
form a film having a thickness of 300 nm and processed in a 
wiring pattern to form an upper electrode 19. Then, as 
illustrated in Fig. 28, a protective film 20 made of SiO 
and SiN is formed by CVD. 

Next, as illustrated in Fig. 29, a film made of Cr 
and a film made of NiFe are formed by sputtering to have a 
thickness of 100 nm and 50 nm, respectively, as a plating 
underlayer film, and successively, a resist 51 is applied, 
as illustrated in Fig. 30. The resist 51 is patterned into 
a predetermined shape so as not to cover the part where the 
plating will be carried out later. 

Next, as illustrated in Fig. 31, the wafer is plated 
with NiCo as a magnetic -field- applying magnetic layer. The 
thickness of NiCo is, for example, set to be 10 Mm. Then, 
after thfe resist is removed as illustrated in Fig. 32, the 
entire surface is subjected to milling (Ar milling) to 
remove NiFe formed as the plating underlayer film, as 
illustrated in Fig. 33. At this stage, the wafer is in the 
state shown in Fig. 13. In this state, a magnetic field 
having a strength of about 1000 (Oe) is given in the 
direction parallel to the diagonal line of the square that 
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each magnetic-field-applying magnetic layer forms, so as to 
magnetize the magnetic-field-applying magnetic layer in the 
direction shown by arrow A in Fig. 13. Thereafter, the 
magnetic field is removed. 

At this time, to the parts that will later become the 
magnetic tunnel effect elements (groups) 11 21 a 
magnetic field parallel to the longitudinal direction of 
the parts is applied by the residual magnetization of NiCo. 
Then, a high -temperature annealing process is carried out 
to put the wafer into a high- temperature environment. As a 
result of this, the magnetic tunnel effect elements 
(groups) 11', 21' formed on one and the same substrate 10' 
will have pinned layers that are magnetized (pinned) in 
different directions from each other (in this case, in the 
directions that are perpendicular to each other) . After the 
high- temperature annealing process is finished, the plating 
film NiCo and the plating underlayer film NiFe are removed 
by acid as illustrated in Fig. 34 , and the plating 
underlayer film Cr is removed by milling, as illustrated in 
Fig. 35. Thereafter, a process similar to that of the first 
embodiment is carried out. 

To the magnetic tunnel effect element (group) 11' 
thus produced and shown in Fig. 1, external magnetic fields 
changing in magnitude along the respective axes in the X- 
axis direction and in the Y-axis direction were applied, so 
as to measure the resistance changing ratio MR (MR ratio) 
at the time the magnetic fields were applied. The results 
are shown in Figs. 36 and 37. As will be clear from Figs. 
36 and 37, the MR ratio of the magnetic tunnel effect 
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element (group) 11' changed more greatly in response to the 
external magnetic field changing in the X-axis direction 
than to the external magnetic field changing in the Y-axis 
direction. This has confirmed that, in the magnetic tunnel 
effect element (group) 11', the magnetization direction of 
the pinned layer thereof is parallel to the X-axis. 

Similarly, to the magnetic tunnel effect element 
(group) 21' shown in Fig. 1, external magnetic fields 
changing in magnitude along the respective axes in the X- 
axis direction and in the Y-axis direction were applied, so 
as to measure the resistance changing ratio MR (MR ratio) 
at the time the magnetic fields were applied. The results 
are shown in Figs. 38 and 39. As will be clear from Figs. 
38 and 39, the MR ratio of the magnetic tunnel effect 
element (group) 21' changed more greatly in response to the 
external magnetic field changing in the Y-axis direction 
than to the external magnetic field changing in the X-axis 
direction. This has confirmed that, in the magnetic tunnel 
effect element (group) 21', the magnetization direction of 
the pinned layer thereof is parallel to the Y-axis. In 
other words, it has been confirmed that , on one and the 
same substrate 10', this magnetic sensor according to the 
second embodiment has two magnetic turinel effect elements 
(magnetoresistance effect elements) having pinned layers 
that are pinned so that the magnetization directions 
thereof cross each other (i.e. are different from each 
other) . 

As described above, the magnetic sensors according to 
the first and second embodiments have, on one and the same 
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substrate {on a single chip) , magnetic tunnel effect 
elements in which the magnetization directions of the 
pinned layers cross each other (i.e. the magnetization 
directions of at least two of the pinned layers form an 
angle other than 0° and 180°). For this reason, these 
magnetic sensors can be used as a small magnetic sensor 
(for example, as a geomagnetism sensor or the like) that is 
requested to detect magnetic fields in different directions. 
Also, according to the methods of the above-described 
embodiments, these sensors can be easily produced.^^/ ,nCe 

Here, in the first embodiment, l^PtMn is used in the j ^ 
fixed magnetization layers Jlni^u T ' LlJu of . + 



'er,i- Ji.iiL.Li i ' Ll ' Ju uf ^ + 
Ibewfl&fizrfi** direct °> 

the pinnec L layer /jnus t be pinned at the timing at which the 

wafer is initially brought to A high temperature* *the wafer ^ 

• \ : — 

is subjected to a high-temperature annealing process at a x r 
stage prior to the high-temperature process by CVD or the ^ -fat -first 
like that is carried out for forming the protective film. QfrbcA^**^ / 
In contrast, in the second embodiment, MnRh is used in 



the fixed magnetization layer. The MnRh film 
will be deteriorated in quality if another high-temperature 
process is carried out after the high-temperature annealing 
process. Therefore, in the second embodiment, the high- 
temperature annealing process is carried out after the 
high- temperature process by CVD or the like for forming the 
protective film is carried out. 

Further, according to the above-described production 
methods of the first and second embodiments, one can obtain 
a magnetic tunnel effect element (group) that exhibits an 
even-function property to an external magnetic field to be 



27 



detected. In other words, when a magnetic field changing in 
magnitude within the direction perpendicular to the 
magnetization direction of the pinned layer is applied to 
the magnetic tunnel effect element groups 11, 21, 11', 21', 
the magnetization of the pinned layer changes smoothly as 
illustrated by the line LP of Fig, 40. On the other hand, 
the free layer of these elements reacts sensitively to the 
direction of the aforesaid external magnetic field due to 
the shape anisotropy, and the magnetization of the free 
layer changes in a stepwise manner when the magnitude of 
the external magnetic field approaches the neighborhood of 
"0", as illustrated by the line LF of Fig. 40. As a result 
of this, the relative angle formed between the 
magnetization direction of the pinned layer and the 
magnetization direction of the free layer attains the 
maximum value (approximately 90° ) when the external 
magnetic field is "0" and, according as the magnitude 
(absolute value) of the external magnetic field increases, 
the relative angle decreases. This can be confirmed by Figs. 
19, 20, 37, and 38. 

Further, as will be also clear from Fig. 13, when a 
plating film (NiCo) constituting each magnetic-f ield- 
applyintj magnetic layer is Magnetized in a predetermined 
direction shown by arrow A in Fig. 13, the direction of the 
magnetic field generated between the plating films by the 
residual magnetization of the plating films will be 
different from the magnetization direction of the plating 
films but will be the direction perpendicular to the end 
surfaces of the plating films M as shown by arrows B in Fig. 
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13. Therefore, if the end surface shape of the plating 
films M is designed, for example, as shown in Pig. 41 and 
the plating films are magnetized in the direction shown by 
arrow C, a magnetic field having a desired direction 
(direction shown by arrows D) can be locally generated at a 
suitable position on the wafer. Therefore, by using this, 
one can produce magnetic tunnel effect elements TMR1, TMR2 
having fixed magnetization axes in desired directions on a 
single substrate (magnetic tunnel effect elements TMR1, 
TMR2 in which the magnetization directions of the pinned 
layers cross each other on a single chip). 

Next, a magnetic sensor according to the third 
embodiment of the present invention will be described. 
While the magnetic sensors of the above -described first and 
second embodiments are constituted with TMR elements, the 
magnetic sensor of the third embodiment is constituted with 
GMR elements. Further, this magnetic sensor is provided 
with an X-axis magnetic sensor for detecting a magnetic 
field in the X-axis direction and a Y-axis magnetic sensor 
for detecting a magnetic field in the Y-axis direction 
perpendicular to the aforesaid X-axis. 

More specifically described, this magnetic sensor 60 
has a rectangular (generally square) shape having sides 
along the X-axis and the Y-axis that are perpendicular to 
each other in a plan view as illustrated in Fig. 42, and 
includes a single chip (same substrate) 60a made of quartz 
glass having a small thickness in the Z-axis direction 
perpendicular to the X-axis and the Y-axis, a sum of eight 
GMR elements 61 to 64, 71 to 74 formed on the chip 60a, a 
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sum of eight pads 65 to 68, 75 to 78 formed on the chip 60a, 
and a connecting line that connects the pads and the 
elements . 

The first X-axis GMR element 61 is formed in a 
neighborhood of the end of the chip 60a in the negative 
direction of the X-axis and a little below a generally 
central part of the chip 60a in the Y-axis direction, and 
the pinned magnetization direction of the pinned layer is 
in the negative direction of the X-axis, as illustrated by 
an arrow in Fig. 42. The second X-axis GMR element 62 is 
formed in a neighborhood of the end of the chip 60a in the 
negative direction of the X-axis and a little above a 
generally central part of the chip 60a in the Y-axis 
direction, and the pinned magnetization direction of the 
pinned layer is in the negative direction of the X-axis, as 
illustrated by an arrow in Fig. 42. The third X-axis GMR 
element 63 is formed in a neighborhood of the end of the 
chip 60a in the positive direction of the X-axis and a 
little above a generally central part of the chip 60a in 
the Y-axis direction, and the pinned magnetization 
direction of the pinned layer is in the positive direction 
of the X-axis, as illustrated by an arrow in Fig. 42. The 
fourth X-axis GMR element 64 is formed in a neighborhood of 
the end of the chip 60a in the positive direction of the X- 
axis and a little below a generally central part of the 
chip 60a in the Y-axis direction, and the pinned 
magnetization direction of the pinned layer is in the 
positive direction of the X-axis, as illustrated by an 
arrow in Fig. 42. 
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The first Y-axis GMR element 71 is formed in a 
neighborhood of the end of the chip 60a in the positive 
direction of the Y-axis and a little to the left of a 
generally central part of the chip 60a in the X-axis 
direction, and the pinned magnetization direction of the 
pinned layer is in the positive direction of the Y-axis, as 
illustrated by an arrow in Fig, 42. The second Y-axis GMR 
element 7 2 is formed in a neighborhood of the end of the 
chip 60a in the positive direction of the Y-axis and a 
little to the right of a generally central part of the chip 
60a in the X-axis direction, and the pinned magnetization 
direction of the pinned layer is in the positive direction 
of the Y-axis, as illustrated by an arrow in Fig. 42. The 
third Y-axis GMR element 73 is formed in a neighborhood of 
the end of the chip 60a in the negative direction of the Y- 
axis and a little to the right of a generally central part 
of the chip 60a in the X-axis direction, and the pinned 
magnetization direction of the pinned layer is in the 
negative direction of the Y-axis, as illustrated by an 
arrow in Fig. 42. The fourth Y-axis GMR element 74 is 
formed in a neighborhood of the end of the chip 60a in the 
negative direction of the Y-axis and a little to the left 
of a generally central part of the chip 60a in the X-axis 
direction, and the pinned magnetization direction of the 
pinned layer is in the negative direction of the Y-axis, as 
illustrated by an arrow in Fig. 42. 

The GMR elements 61 to 64, 71 to 74 have 
substantially the same structure with each other except 
that the position thereof on the chip 60a and the pinned 
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magnetization direction of the pinned layer relative to the 
chip 60a are different. Therefore, the structure thereof 
will be described hereafter using the first X-axis GMR 
element 61 as a representative example . 

The first X-axis GMR element 61 includes a plurality 
of narrow band-shaped parts 61a... 61a made of a spin valve 
film SV and having a longitudinal direction in the Y-axis 
direction and bias magnet films (hard ferromagnetic thin 
film layers) 61b... 61b made of a hard ferromagnetic 
material such as CoCrPt formed under the two ends of each 
narrow band-shaped part 61a in the Y-axis direction and 
having a high magnetic coercive force and a high square 
ratio, as illustrated in Fig. 43 which is a plan view and 
in Fig. 44 which is a schematic cross-sectional view of the 
first X-axis GMR element 61 cut with a plane along the line 
2-2 of Fig. 43. Each of the narrow band-shaped parts 
61a... 61a extends in the X-axis direction on the upper 
surface of each bias magnet film 61b and is bonded to an 
adjacent narrow band-shaped part 61a. 

The spin valve film SV of the first X-axis GMR 
element 61 is, as shown by the film construction in Fig. 45, 
composed of a free layer (free magnetization layer) F, an 
electrically conductive spacer layer S made of Cu having a 
thickness of 2.4 run (24 A), a pin lnynr (fiynrl 1 nyar^ if ixed 



magnetization layer^- P, and a ca pping , layer C made of 
titanium (Ti) or tantalum (Ta) having a thickness of 2.5 nm 
(25 A) which are successively laminated on a chip 60a 
constituting a substrate. 

The free layer F is a layer whose magnetization 
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direction changes in accordance with the direction of an 
external magnetic field, and is composed of a CoZrNb 
amorphous magnetic layer 61-1 formed immediately above the 
substrate 60a and having a thickness of 8 nm (80 A), a NiFe 
magnetic layer 61-2 formed on the CoZrNb amorphous magnetic 
layer 61-1 and having a thickness of 3.3 nm (33 A), and a 
CoFe layer 61-3 formed on the NiFe layer 61-2 and having a 
thickness of about 1 to 3 nm ( 10 to 30 A) . The CoZrNb 
amorphous magnetic layer 61-1 and the NiFe magnetic layer 
61-2 constitute a soft ferromagnetic thin film layer. The 
CoFe layer 61-3 is for preventing diffusion of Ni in the 
NiFe layer 61-2 and Cu 61-4 in the spacer layer S. Here, 
the above -described bias magnet films 61b. ..61b apply a 
bias magnetic field to the free layer F in the Y-axis 
direction (right and left directions shown by arrows in Fig. 
43) for maintaining the uniaxial anisotropy of the free 
layer F. ^«^^»^J^> 



The pinn ed la yor P is a^rnparpngi 1 1 on X lamination^ of 
a CoFe magnetic layer 61-5 having a thickness of 2.2 nm (22 
A) and an antif erromagnetic film 61-6 formed from a PtMn 
alloy containing 45 to 55 mol% of Pt and having a thickness 
of 24 nm (240 A). The CoFe magnetic layer 61-5 is lined 
with the magnetized antif erromagnetic film 61-6 in an 
exchange coupling manner so as to constitute a pinned layer 
whose magnetization direction (magnetization vector) is 
pinned (fixed) in the negative direction of the X-axis. 

The first X-axis GMR element 61 thus constructed 
exhibits a resistance value that changes generally in 
proportion to an external magnetic field that changes along 
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the X-axis in the range from -He to +Hc, as shown by a 

solid line in Fig. 46, and exhibits a generally constant 

resistance value to an external magnetic field that changes 

along the Y-axis, as shown by a broken line in Fig. 46. 

The X-axis magnetic sensor is constructed by full 

bridge connection of the first to fourth X-axis GMR 

elements 61 to 64, as shown by an equivalent circuit in Fig 

47. Here, in Fig. 47, the arrows show pinned magnetization 

directions of the fea vffd' f layers of the GMR elements 61 to 64 

pruned 

In such a construction, the pad 67 and the pad 68 are 
connected respectively to the positive electrode and the 
negative electrode of a constant power source (not 
illustrated) so as to give a voltage Vxin+ (5 V in this 
example) and a voltage Vxin- (0 V in this example) . Then, 
the voltages of the pad 65 and the pad 66 are taken out as 
a voltage Vxout+ and a voltage Vxout-, and the voltage 
difference thereof (Vxout+ - Vxout-) is taken out as a 
sensor output Vxout- As a result of this, the X-axis 
magnetic sensor shows an output voltage Vxout that changes 
generally in proportion to an external magnetic field that 
changes along the X-axis in the range from -He to +Hc, as 
shown by a solid line in Fig. 48, and shows a generally "0" 
output voltage to an external magnetic field that changes 
along the Y-axis, as shown by a broken line in Fig. 48. 

The Y-axis magnetic sensor is constructed by full 
bridge connection of the first to fourth Y-axis GMR 
elements 71 to 74 in the same manner as the X-axis magnetic 
sensor. Further, the pad 77 and the pad 78 are connected 
respectively to the positive electrode and the negative 
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electrode of a constant power source (not illustrated) so 
as to give a voltage Vyin+ ( 5 V in this example) and a 
voltage Vyin- (0 V in this example). Then, the voltage 
difference between the pad 75 and the pad 76 is taken out 
as a sensor output Vyout. As a result of this, the Y-axis 
magnetic sensor shows an output voltage Vyout that changes 
generally in proportion to an external magnetic field that 
changes along the Y-axis in the range from -He to +Hc, as 
shown by a broken line in Fig. 49 , and shows a generally 
"0" output voltage to an external magnetic field that 
changes along the X-axis, as shown by a solid line in Fig. 
49. 

Next, a method of producing the magnetic sensor 60 
constructed in the aforesaid manner will be described. 
First, a plurality of films M, which are made of the 
aforesaid spin valve film SV and the aforesaid bias magnet 
film 61b, and which will constitute individual GMR elements, 
are formed in a manner like islands on a rectangular quartz 
glass 60al, as illustrated by the plan view of Fig. 50. The 
films M are formed by successive lamination to precise 
thicknesses using a daaapaas high vacuum apparatus . These 
films M are formed so that the films M will be located at 
the positions of the GMR elements 61 to 64, 71 to 74 shown 
in Fig. 42 when the quartz glass 60al is cut along the 
broken line of Fig. 50 by a cutting process carried out 
later and separated into individual chips 60a shown in Fig. 
42. Further, alignment (positioning) marks 60b having a 
rectangular shape excluding a shape of a cross are formed 
at the four corners of the quarts glass 60al . 
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Next, as shown in Fig. 51 which is a plan view and in 
Fig. 52 which is a cross-sectional view cut with the cross 
section along the line 3-3 of Fig . 51, a rectangular metal 
plate 81 is prepared in which a plurality of square 
through-holes are formed in a square lattice configuration 
(namely, square through-holes having sides parallel to the 
X-axis and the Y-axis are formed to be equally spaced apart 
from each other along the X-axis and the Y-axis). Then, 
permanent bar magnets 82... 82 having a rectangular 
parallelopiped shape and having approximately the same 
square cross section as the through-holes are inserted into 
the through-holes of the metal plate 81 so that the end 
surfaces of the permanent bar magnets 82... 82, where the 
magnetic poles are formed, will be parallel to the metal 
plate 81. At this time, the permanent bar magnets 82... 82 
are arranged so that the polarity of the magnetic pole of 
each permanent bar magnet 82 will be different from the 
polarity of the magnetic pole of the other permanent bar 
magnets 82 adjacent thereto and space apart therefrom by 
the shortest distance. Here, the permanent bar magnets 
82. . .82 to be used have a magnetic charge of the same 
magnitude . 

Next, as shown in a plan view of Fig. 53, a plate 83 
is prepared which has a thickness of about 0.5 mm and which 
is made of transparent quartz glass having approximately 
the same rectangular shape as the aforesaid metal plate 81. 
This plate 83 is let to have alignment (positioning) marks 
83a having a shape of a cross on the four corners for 
positioning in cooperation with the alignment marks 60b of 
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the aforesaid quarts glass 60al. Further, in the central 
part, alignment marks 83b are formed at positions 
corresponding to the outer shape of the permanent bar 
magnets 82... 82 that are inserted into the aforesaid metal 
plate 81. Subsequently, as illustrated in Fig. 54, the 
upper surface of the permanent bar magnets 82... 82 are 
bonded to the lower surface of the plate 83 by means of an 
adhesive. At this time, the relative position of the 
permanent bar magnets 82. . .82 to the plate 83 is determined 
by using the alignment marks 83b. Then, the metal plate 81 
is removed from the lower side. At this stage, the 
permanent bar magnets 82... 82 and the plate 83 form a 
magnet array constructed in such a manner that a plurality 
of permanent magnets having square end surfaces 
constituting the magnetic poles are disposed at lattice 
points of a square lattice and the polarity of the magnetic 
pole of each permanent magnet is different from the 
polarity of the magnetic pole of the other permanent 
magnets adjacent thereto and spaced apart therefrom by the 
shortest distance. 

Next, as illustrated in Fig. 55, the quartz glass 
60al, ^in- which the films to become the GMR elements (the 
layer containing the magnetic layer to become the pinned 
layer, that is. the layer containing the magnetic layer to 
become thei^±£rT.ayer ) are formed, is positioned so that the 
surface on which the films to become the GMR elements are 
formed will be brought into contact with the upper surface 
of the plate 83. The relative position of the quartz glass 
60al to the plate 83 is exactly determined by bringing the 



37 



cross shape of the alignment marks 83a into respective 
coincidence with the part of the aforesaid alignment marks 
60b where the cross shape has been removed. 

Fig- 56 is a perspective view illustrating a state in 
which four of the aforesaid permanent bar magnets 82... 82 
have been taken out. As will be clear from this figure, 
above the upper surface of the permanent bar magnets 
82... 82, magnetic fields are formed from one N-pole towards 
the four S-poles adjacent to the N-pole by the shortest 
distance, i.e. in four directions that are different from 
each other by 90° . Therefore, as illustrated by a model 
view of Fig. 57, in the state in which the quartz glass 
60al is placed on the upper surface of the plate 83 shown 
in Fig. 55, magnetic fields in the positive direction of 
the Y-axis, in the positive direction of the X-axis, in the 
negative direction of the Y-axis, and in the negative 
direction of the X-axis are applied to the films which are 
placed in parallel to each side of the square end surface 
of one N-pole and which will become the GMR elements. 

In this embodiment, by using such magnetic fields, a 
thermal treatment is carried out to fix the magnetization 
direction of the fixetfVlayer P (the pinned layer of the 
fixedf^layer P) . Namely, in the state shown in Fig. 55, the 
plate 83 and the quartz glass 60al are fixed to each other 
by a clamp CL, heated to 250*0 to 280^ in vacuum, and left 
to stand in this state for about four hours. 

Thereafter, the quartz glass 60al is taken out; the 
pads 65 to 68, 7 5 to 78 shown in Fig. 42 are formed; a 
wiring connecting these is formed; and finally the quartz 
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glass 60al is cut along the broken lines shown in Fig. 50. 
The above process completes the production of the magnetic 
sensor 60 shown in Fig. 42. 

Next, the result of measurement of geomagnetism using 
the aforesaid magnetic sensor 60 will be described. In this 
measurement f the azimuth 9 (measurement angle) is defined 
as 0° when the positive direction of the Y-axis of the 
magnetic sensor 60 is directed to the south, as illustrated 
in Fig. 58. The measurement results are shown in Fig. 59. 
As will be clear from Fig. 59, the X-axis magnetic sensor 
output Sx shown by a solid line changes like a sine curve, 
and the Y-axis magnetic sensor output Sy shown by a broken 
line changes like a cosine curve. This result is exactly as 
expected from the characteristics shown in Figs. 48 and 49. 

In this case, the azimuth can be determined by ( 1 ) 9 
= arctan( Sx/Sy) when the X-axis magnetic sensor output Sx 
and the Y-axis magnetic sensor output Sy both assume 
positive values; (2) 0 » 180° + arctan( Sx/Sy ) when the Y- 
axis magnetic sensor output Sy assumes a negative value; 
and (3) 9 ■ 360° + arctan( Sx/Sy) when the X-axis magnetic 
sensor output Sx assumes a negative value and the Y-axis 
magnetic sensor output Sy assumes a positive value. 
Therefore/ the magnetic sensot 60 can be used, tot example, 
as a geomagnetism (azimuth) sensor that can be mounted onto 
portable type electronic devices such as a portable 
telephone. Here, if the representation in the range from - 
90* to 0° is permitted when the azimuth is within the range 
from 270* to 360° , the azimuth may be determined by 9 = 
arctan( Sx/Sy ) when the output Sy is positive, and by 9 ■ 
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180° + arctan( Sx/Sy ) when the output Sy is negative. 

As described above, according to the third embodiment, 
a magnet array is prepared which is constructed in such a 
manner that a plurality of permanent magnets are disposed 
at lattice points of a square lattice and the polarity of 
the magnetic pole of each permanent magnet is different 
from the polarity of the magnetic pole of the other 
permanent magnets adjacent thereto and spaced apart 
therefrom by the shortest distance, and the magnetization 
direction of the magnetic layer that will become the 
aforesaid pinned layer is pinned with the use of the 
magnetic fields formed by the magnet array. Therefore, on a 
single chip, one can easily form GMR elements in which the 
pinned magnetization directions of the pinned layers are 
different from each other (perpendicular to each other). 
Further, by this method, one can produce single chips each 
having GMR elements in which the pinned magnetization 
directions of the pinned layers are different from each 
other, at a time and in a large amount, thereby leading to 
reduction in the cost of producing the single chips. 

Here, the present invention is by no means limited to 
the aforesaid embodiments, and various modifications may be 
made within the scope of the present invention. For example, 
though NiCo having a large residual magnetization is 
adopted as a plating film in the aforesaid first and second 
embodiments, other materials (for example, Co) having a 
large residual magnetization may be adopted in place of 
NiCo. Further, the method of fixing the magnetization 
direction of the fixed>layer in the first and second 
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embodiments can be applied to other magnetoresistance 
effect elements having pinned layers (layers having a fixed 
magnetization axis) such as in the third embodiment. 
Furthermore, though PtMn is usedx iaa fcfefi pin-^nynr p nf th^ 
aforesaid three embodiments, FeMjl, IrMn, or the like may be 
used in place of this PtMn. 
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WHAT IS CLAIMED IS: 

1 . A magnetic sensor comprising a magnetoresistance 
effect element that contains a pinned layer and a free 
layer, said magnetoresistance effect element having a 
resistance value that changes in accordance with a relative 
angle formed by a magnetization direction of the pinned 
layer and a magnetization direction of the free layer, 

said magnetic sensor being formed in such a manner 
that a plurality of said magnetoresistance effect elements 
are provided on a single chip, and the pinned layers of at 
least two of said plurality of magnetoresistance effect 
elements have magnetization directions that cross each 
other . 

2 . A method of producing a magnetic sensor comprising a 
magnetoresistance effect element that contains a pinned 
layer and a free layer, said magnetoresistance effect 
element having a resistance value that changes in 
accordance with a relative angle formed by a magnetization 
direction of the pinned layer and a magnetization direction 
of the free layer, said method comprising the steps of: 

forming a layer containing a magnetic layer that will 
become said pinned layer in a predetermined configuration 
on a substrate; 

forming magnetic-field- applying magnetic layers for 
applying a magnetic field to the layer containing the 
magnetic layer that will become said pinned layer; 

magnetizing said magnetic -field- applying magnetic 
layers ; and 
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pinning the magnetization direction of the magnetic 
layer that will become said pinned layer with a magnetic 
field produced by a residual magnetization of said 
magnetic- field-applying magnetic layers. 

3. The method of producing a magnetic sensor according 
to claim 2, wherein the step of forming said magnetic- 
field-applying magnetic layers is a step of forming said 
magnetic-field-applying magnetic layers so as to sandwich 
the layer containing the magnetic layer that will become 
said pinned layer in plan view. 

4. The method of producing a magnetic sensor according 
to claim 3, wherein the magnetization direction of said 
magnetic -field -applying magnetic layers is different from a 
direction of the magnetic^ f i e ld^ produced by said residual 
magnetization . 

5. A method of producing a magnetic sensor comprising a 
magnetoresistance effect element that contains a pinned 
layer and a free layer, said magnetoresistance effect 
element having a resistance value that changes in 
accordahce with a relative Jangle formed by a magnetization 
direction of the pinned layer and a magnetization direction 
of the free layer, said method comprising the steps of: 

preparing a magnet array constructed in such a manner 
that a plurality of permanent magnets are arranged at 
lattice points of a square lattice, where a polarity of a 
magnetic pole of each permanent magnet is different from a 
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polarity of other magnetic poles that are adjacent thereto 
and spaced apart therefrom by the shortest distance; 

disposing a wafer in which a layer containing a 
magnetic layer that will at least become said pinned layer 
has been formed, above said magnet array; and 

pinning the magnetization direction of the magnetic 
layer that will become said pinned layer by using a 
magnetic field formed between one of said magnetic poles 
and another of said magnetic poles that is adjacent thereto 
and spaced apart therefrom by the shortest distance. 
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ABSTRACT OF THE DISCLOSURE 

On a single chip are formed a plurality of 
magnetoresistance effect elements provided with pinned 
layers having fixed magnetization axes in the directions 
that cross each other. On a substrate 10 are formed 
magnetic layers that will become two magnetic tunnel effect 
elements 11, 21 as magnetoresistance effect elements. 
Magnetic-field-applying magnetic layers made of NiCo are 
formed to sandwich the magnetic layers in plan view. A 
magnetic field is applied to the magnetic-field-applying 
magnetic layers. The magnetic field is removed after the 
magnetic-field-applying magnetic layers are magnetized in 
the direction shown by arrow A. As a result of this, by the 
residual magnetization of the magnetic-field-applying 
magnetic layers, magnetic fields in the directions shown by 
arrows B are applied to the magnetic layers that will 
become magnetic tunnel effect elements 11, 21, whereby the 
magnetization of the pinned layers of the magnetic layers 
that will become magnetic tunnel effect elements 11, 21 is 
pinned in the directions shown by arrows B. 
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SSICH SIR. 

^hi z& 3302). s wtmn sk i3)2i §3 «ai, g, 3 e.i-3-xia 3(i3)&oii uhxis «• •grsi s-xi- 

S 3(14), §3#(15), 3XHS 3(16), S! 0D| ^f17)£|-z{;2|ei SS SSIM 9lt^ S3 !J3#(i8)0| 
715(10), 5l¥ 33(12), ^3X1& 3(13), 3X12 3(1 4>, i3S(15), 3XKg 3(16), S> Q0| 3(1 
7)tBz 330| mSEIDI SIR. «5 1S6(18)£ SiO,S Stf CH^Ii 013 250 «S) 5DHfi ZJ-feQ. 

01 §3#(18)S TO.,.a^'«cprifftct--hb1 i e-).(tBa)Dl-"ZP|. 4 R0| 3(17)&0| ««£|CH.SIR. S 
* S(18a)M DHllShil, Ri ©h¥ 3 3(1 2) (S! fe&WS ^(13))^CHI UH*l=j tt #2| DDI 3(17, 17)21 
3 SLH ^|S!£g ^SEi, (WIS M3> Dm. 300- n»E| SIMM ZJfe Al££.3W0f|XIS £W 33 
(19, 19)01 3?r«S£IQl. SIR. OM S0|, S1¥ "33(12), S!3Xlg 3(13), 9! &¥ 33(19)011 2|*H 
OlSelfe Ely 3 3X13 -3(16, 16)(3 RD| 3(1?. 17))21 3 &3X1& 3 

(13, 13)1 SCHS £*1 37|Sj££ SMA}££*i; 5! SOI St, F « 71X101 3£21 X17I EM 

St!- ^271 2|f£ g^Efe X17| Ely £21 4X1(2)(11)0| ttSSR. OPIAI, S1021 SIN(EAI 453) 
£3 BMOt£! S23OI #¥ 23(19,. 19)^011 .SjgEIQJ SIR, 

shoos g-ttu xpi ay sal ±xi(3)(n. 21)chi ns$i mm± 7mm *m\?\ wu- soin, 

X17| Eltt 231 £XK3)(1:1, 21) SUB XPI Ely £21 ^W3).(i1, 21)2| 3 §2| X1S1 aWty g*« 
*h SsfPS 3 StlEU , 715(10)21 #^LH01I DHpEIOI SIR. 

RSOll, 3 St* X17I Ely £21 4X12J J1I2&S01 E 5 LHXI E 17S #£§101 £3SR. 0171, E 5 
LHXI £ 12 S E 14 LHXI E ITOHAtfe, ^IS I^! 47H2J X17I Ely ±21 iXg 3MRXI& XPI El 
y £21 4X1501 SSg ?|oH EAIEICH SIR. SSL JOB E3(tfA|, 3S5(30)2| EA|=- 4S3EI01 SIR. 

3X1, E BOD EAIS ti& SOI, 5l¥ 33(12)# :?«SK=- Tak 3*013 301 71 5(10) (01 
5w R0I6I 2|«r^2| X17I S!Ai7t t^DHSJ 7I5U)SB1I iEEIStHI 2|§H [HSf 30 n» 

2| ^HS *!^@R. 3 RS, H§ Ah$l«2| ffS-AhS 3(13) .SS..33Jg 3(5! S)(14)S ^SoPI $1 
t!" PtMn^e SWDia 3 SI NiFfS 3M013 301 371 30 im §! 20 nm2| =ig 2J-£S ifflEHOll 2| 
*l *^SR. 6 #SCHIA|, 53(12), &>S-Af^ 3(13)01 1 PtMh 3, S &A1S 3(14)01 1 FeNi 
3# §1¥ Xlg #(SJ )0|Eh t!R • 



01 «, AIOI 1 mfihS 3=E|H, i*± ?[±m 2\M 013501 5SIEI01 834(15)01 1 AL-Oj(Al-d) 3g ■« 




RSWI, E 8011 EAIEI^ Utfih SOI, S5 S3#(18)M ^«S1= SiO ; M 310|X|£ 301 3 ^))||?1 ^X1 
4WA1 250 nm EIE5 ifflEIHCrt 2|?H SSHxl, Zl *|0|| Eg S143SSAI, CrS 3S01XI^ 3 S 
NiFe^ 3s01X|= 301 371 100 nm S 50 nm2| ?>ES • ^ffiEtDOll 2|tU *!«£!□. RgOll, E 

9011 EAIS HhEh 1TOI, aXliM(5i)71 ESS El. &HX|AE(51)^ E30I SXI SfE 

s i§ ^fekog iHEiyEici.. 

RS01I, E 10011 EAIS U1E1 ^01, ?JIOIIH01I^ XW 371S X1S#SSAI NiCc71 ESSQ. NiCo21 <= 
MIS #3, 10 tug. □ Elg, E 11011 EAIS UE1 SOI alXI^E7^ j^g £ ]2 

OH EAIS H1E1 SOI, aii 1301 yg(Ar yi)E|0| Eg S>s3HSA| ^S=! NiFeM HI7I5EK 

E 13S 01 &EH0IIA12I S1I0IIH2I S3EOIEK 0)7!, E 1301IA1S, ^ C10I6I 5S0I 2|*| A|S 
3 71501 'SSifa 10»S SAISR. E 13s &2oh3, eilXI^M2| 013 MEfyOir 2|*H, m\ 

371S X1SS(NiCd)g 3301 QlW 32, 3 S'fejOl AiS MWl 47H2J 33 7|5(10) 

2| ggOII SISSIES SSEIS, .S;SBtF^S. X17I Ely S21 iXK3)(11, 21)2| big £|01l *| 

m\=: *ttp : ¥M)m ^IT|S1E^(q, itg 311, S3E0j|Al 5- #01 1 : St»fe-t* 

¥ Xh«#(SJ)0| «S@ X17| Ely s2KiXK3)(11, . 21)71- S §§ 3|?E3) HHS1SIQ. 0| ^EHOIIAI, 
3 XPH..37IS XlgsOl t*gm= §S^2I XH33CHI StStJ-. CH3 1000 (0e)2| &E1- 3= XI- 

7)|7K^O|X1, E f32| AS EAIS XKfll 371© >XfS#s X1S1A|?!L1.. 

OgOll, 2#*J- X171I71 a71S!R. 01 Hi, E 13=1 f14-iE EAI@ H121 &0I, X1?ll 371§ X1S«2| 
3# Xlsfe 3 X171I 371S X1S#2j fe^OHAI 33 X1?ll 371S XhS#2| ^£^3 Stf2| 73-71, S! 
3 XI-711 37Fg X1SS21 ^gOllAI 3S X171I 371© X^S2| 5(gSS2| BtJ2| A171l# y-^AI?JC1. 
01 ItHSCHI, X17I Ely S21 iXKSK 11, 21)01 1 ¥M01I, 01 ¥M2| gStfOll SSt!" X171I71 371SL1. 
3 EHS,. PtMnSS 3-MO)X|^ B>3X1-g 3(13)g ^*| IJ'gS.S W&tm lt. h X17)|(Hex)e ^Olol 
71 *|»|A|, ?J|0|jHs US £1-3011 522S Oiyi! *IR71 ^tSUEK 01 121, §y 7|5(10)4'-01I ^« 
E' XP! Ely S21 iX1(3)(11, 21 JS -AIS DS SttfOI 3^, A1S s|a*fe ■ BtP)'£S X1SK2S)@ 
H M 711 20| R. ^, X17I Ely 221 iX1(5)(11, 21)S 371 E 12| 5|-4 h IS EAIS B«£S 
H§ Aim* 7F§ 201 R. 

TII^SHAI, E 14011 EAIS d'F2f SOI, Eg33 NiCo S! ^IHEigS(Eg Sls3) NiFe71 5011 2|*| T$7\ 
EIZL, E 15011 EAIS d|4l SOI, Crtil.gHOl 21p«. XBTiSJCK. 01 *, E 16011 EAIS U121 SOI, gs? 
S(18a)0| S5 133(18)g S*H *<££IIl, E 17011 EAI S H1E1 SOI A 1 301 300 nm2| <=MW 3E^ 
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±mim situ *saa.. ai etoi ma i§°£ 7mmo\ m ^imm ^ssjp. 

3 OS, E 1 CHI EA|§! Sg nHE(40a LHA| 40f Ph 7ISK 10)011 «3E|3, API Ely S2h 4:AK3)(11, 
21) S! 3S(30)0)| 2g IDE (40a LH XI 40fP|- 3£>\ g^SCL Q|X|St£S, 150 nm2J <=JIM %h S10S 
EKOWS 5{-.(EAIEIAI &g) S lOOO rihS) .^JHIM 3>£ SINS SM01Ali= ^(EAIEIAI St)0| CVDCHI 
°1SH M2Sj-(l||AlrtOI>3 2f)£SA| *!S=!Ch. 01 «j!?P|- SI. RIE, ES EIIXI^S D|^3 

M AfgS^ ttflgQII °1*H ;>D?E|01, iE(40a LHXI 40f )S fci'AIZm. TISSUAL 7IS0I H 4 3E1 
fflS'ftack grinding)(g±r£S SKHl *^I3, P-OI30)| Stffl 7HS API id! AIM 7|BO| SEIEIffl, DCTSf 
£S M9IS0I ^tSSO-. 

0121- SOI B2g E 10)1 EA|=! 7^71 EfU 2^4^(3)01)0)1 CPB, E 10)1 EA|£! m XSjOjl 

si3o)= m atfsi zm?) « im mm= a* xiapH epraoi, awpi- °p) i ubsi xi 

MR (MR H|)M *St.Hj„, 3 S2PI- £ 18 S E .190)1 EAISQ. E 18 S! E 19S^E1 SS!*]- 

urn sol api ei a siF iAK3)(ii)si MR.aife g*?ss as^fe 21 ^ xpiifio- xs* at^s 

BsHSfe 2|* XM0)| CH^H 3711 &S1E1SJCL 0130)1 .'Sftfc API Ely 22I- 4XK3) (11)0)1 A), 351 

si -jjshswfoi x^oii lamp^ 201 *raEi sack 

□ra-^Ais, e ioii eais api Eiy 22L:iAK3)(2i)oii ehsb, x* stf s mra z&s\ mm 
mzt 3jv\ asisi-fe 21^ awpi. eppioi, xputwi ma: x^ aihS: mr(Mr ui)g mmmi. 

3 S2PI- E 20 i! E 210)1 EAISCL £ 20 D E 2lM^E| SSI** H12I- SOL API Ely £2K £A1 
(S)(21)S| MR HIS X* H»£» B!SW= 21^ AWISC)- V* 6^25 Kfslz 21^ AMI 0)1 lUi 3*1 

Bteiao. oiaoii h|oL api Eiy S2f ^xKS^noui, is #sj Aisistioi v^oii stssmfe 
aoi st-ejEisia. ^, ?\&w)m, .01 api mx?i 3 Aia- a«roi aim qhes ( =, 3 

StfOI A)S.j2£l*|E3) 3§@ 5! SM §>S 2?H2| API EM all- ^XKXPIXIt)- £2|- ±X1)1 7KI£ 

201 »2!Eiaa. 

DSM. H2 ^A| 0)1 0)1 2Jt| XRI i!!AP) tfSBCK 32. 41 AIMS, 11 ^AIM2| 3§ AhshsOl PtMn SU 
NIFeS ?SEI^ era OIL A1I2 ^A|0j|£| 3§ A)ShSOI 30 rim£| ^JJUl ^ MnRhS OSCH'XIS ^ S! 40 
nm°) NIFeO #)S E!-MD)A|^ SfSS ^SSCfe §&0| Wl tfAlMmOSQ. WB, 3 

§ A|-t)#°J 01 33 SSI- 7:1-010)1 SJoD, QMOI ^SS A1I2 SAHNISJ n3SK9$ HI .flAIWSI- C)i E|SQ. 

^, S2 tf.AIMOIAJ.fe E 220)1 EAIS U(£h &0|,. 30 rttn°| ^S. TaS &MGHAIS ^, 30 nm2J <= 

HIM §>S MnRhS SSO)A|fe afc 40 nmS| ^Wg NIFeS ■.'•SKSOiAlfe 2{0| iit|E1ilO)l 2|ft|"7l5 

(io)2oii s^Eioi jt\* xmrnmrn m^tto. n^am., i nmsi ai^ioi. sseis. -dtfEioi §9s 

(15)g 3 $1011 40 nm2j « NifeS 5MOi:AI& ej- S 40 nm^l ^ TaS 

MO) A| S 5*01 S-S EIO) A)Ss(UJ)l . " 

Tti^SHAL E 230)1 EAIS d(E) ITOL 2¥ AhiS*(UJ)S *loH 7hSE|3, E 240)1 EAIS HfEi S" 

01, S)¥ AhS§(SJ)S MEIS SISH CJSM, E 250)1 EAIS UW tfOL SiO-71- 250 nm°J =J1I 
M ^ ^M aSAE* ^HEIUEIO) IS #(18)1 S^5L3, TII^Ai E 260)1 EAIS UhSI- 
HOI. *(18a)0| #3- S3s(18)M =*| ti^U. T^tHM. E 270)1 EAIS bPK^OL AIOI 
300 nm°| ^))||g B^g ^ SS>E^ ^ffl EiU El 3 UH£! IBS^S 7)3 EIO) 2^.(1 9)§ SS^CL 
3 Qg, E 280)1 EAI£! dfSU- SOL SI0 S! SlflS S!SO)A|fe SSS{-(2d)0| CVD0II SSSCL 

QS0IL E 290)1 EAIS bl2|- SOL ES Sl-sst^SAI CrS EMOIAIfe ^ S! NIFeS SMOIAI= sj-OI 

2, ^1 100 nm S! 50 ni»2) ^JJIIM ?^E* ifflE)ll0)| °1SH SSEI3, Tjl^&BAI, E 300)1 EAIS UP) SOL 
aiAI^S(51)7|- ESSCL E||A|aM(51)^ Ego) 4-- ¥M# SAI SE= Jiga *^2S Ell 

Eiyach 

C)s0)L E 31011 EAIE! d)2) SOL koflStl^ A^ 2)71© AhSs^SA) NiCoCI- EgSO-. NiCoSj = 

oiis ms, io ^ms ^sscl 3 ag, e 32011 eaisi bfai- soi axi^s^i- w?ia w, E 33 

.0)1 EAIS t)|£f SOL afll IS 01 lg(Ar gg)E|OJ Eg *HftS|oS-A|- ««S NiFeM 12)§JO-. 01 
331ld)IA1- SfljOIHfe E 1301 EAIS 4^7) =!tL 0) 2EH01IA1, ^ AW A|^#0| S» 

asU CH^Ofl StStJ- St?«S CH^f 1000 (0e)°J &EM ?»■= ' ACT|7h ^0)A|, E 13°| sl^l AS EA| 
g StF^S A)?l| S71# XhS#s AlflAlgJQ, 0| *, AfflPh M^Q-. 

01 [IH, API EM S^F iAK5)(11L 2i')0| i ^SOjL Dig ¥MS| SStfOfl »ia AfflP)NiCo 
2) AUKHI 2|*|. ePOQ. 3 CJ-g, ?J|0|E|M 3S SFgCHI ^3 '■'JIS 0)yH. SEPL 4*SCh .01 

iiL &g ^itmoa-oi m<$m api eih 221- iAKaj'ar. 21')= ais cm mno\ ais 

*\mV= at-^SS A)tK(3§)E|fe S #M 7lS SOICL 3S 0)y§ ?HE|7|- gSS ^, E 34011 EA| 

a uiei- soi Egsi-'NiCoa es tm^i w&t t*m emu sii7iEi3, e 35011 eaib m\ soi Eg 

Slsa^ CrOI SDOII SJ§H HJ\EQ, 01 XIII tf A|01|2LSAfy m\7l $Q&Q. 

0121- SOI E 101 EA|=! API Em S21 iAK3)(11 ' )0)| CHSL X* Stf2| Zj-ZtSJ 

*g CUE)- 37I7K ®m\£ 2|^ A171P) OPEICH, A|-3||i?h 2PLS UH2| A)W Hfls MR(MR UI)S *§11 
13. 3 12PF E36SE 3.70)1 EAI BO. E 36 S £ 37S^EI SS|*j- IJP1 SOL API EM 221- 
iAK3)(11')£| MR t)|£ g*^S eiShtl-^ 21^ AWISP- X^ 1*F^S Bl2l€r)= 21^ APilOII CHoB 

3?ii eitiEisic). OI30H °joii, api Eia 22); 4:AK3)(ir)oiiAL 3 5! mmvo\ mow sts 
smife 5ioi sfSEisio. 

DISPI-AIS, E 1011 EA|£! API Ely £2) ^AK3)(21' )01l CH*H, X^ StF 3! >mf2i 2,^21 ^M 
[P-E1 37P1 B!t)S}= 21^ A171PI- S71E|0)> A)71P1 S71 1 HB.S| tHf)s MR(MR b|)M ^StiO. 
3 S2P) E 38 S! E 390)1 EAI&EL £ 38 S! E 39S^ STO HP) SOL API Ely s2|- iAI 
(3)(21')2| MR X^ a^S 21^ AWiaELV* S*f£S SSISfe 2|^ A)?1I01I CH^B 3 

?1I SShEtStEL OI3!0)I 2J5H, API Eiy £21 iAK5)(21 ')01IA1, 3 S #S| AIS^OI V^0)l ItSSI 
CIS 301 ^eiEISILL ^, %m ?\mw>3M, 12 SIAIOIIOII Sj^ OI XPI *HAP1 3 X)t1 S%fO| ai 
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S Rxm^m^, MS. Di£S) jQgg a §§ 2 7H£J JPl Ely S2f E2I- ± 

wa ?ra= aoi sreiaaa. 




□PL m £A|0I|01IA1=, PtMnOI US .jOSMHI AWHH3, ?4IO|IH7> sl^CHI H£0l Efe. ENI9MAI W 
f^Pj 51 #0| USEICHOt HO.- HEW, AM 'flAl-WKHIAl, :8||0|IH£ MSHJ- ?|*H ^tSEfe CVD 

•oi bi^h us *ierssi epioiai as. ays x-eiso. oim bm, tfAimoiWfe, wwi- ng 

■7J»ftM ABHO. MnRh 22 piy*] ttE|*0| U-E U£ TjEPF 4*BEia 101 TclStl 20IO. 
HEM, M2 SAIOHOilAfe, US D|y§ fl£|7F ^2^t ttflSPI fl« CVD m\ 2|» US »E|^"*B 

e*j-, bmj m aiaini a 12 4'aioiihi hk&bjoii g*ra,.a«KEw:mfe tnvhi im 

UEHHrr API EM S2h 4:AK5)# SS £.2lO. . . API EM 4AK(11, 21, IT, 

21 )Wi Ei g2i xis-swa -ettuofAi Bjm&mm. mm^m tin, a *si.-ftsi5 e 

40°l. LRS S'AiaVHfil 1 SBDI SSPOT 'HfltO-: tffi, DIM &AF2J £E| IIS .'QIW^OII 712! 

ufoi smj- acted gmn erasf?! Brasei, .Ei..fg:jfe'£ 4021 "LFasa eais .\m 

SQL £l¥ OT*2| 33)71= *D' 3.&0I S ttH " -JlBSfiS' 'isafeCh.; :D| : 32k '33 #21 • Stfilh =E| 
#°i Atsh g&ZHU tigS ^CH 21;^ AW7K TH Itf .SSL HFEI-AI 21^ jqjf2| - 37| 

grpizos B7»ta. sch -zefc a-^to. oife e ta e 20, Em s e sewi ^as 4 a 

SEtt, £ 13£S^E) getlti UWadL *t Atfl SM^Ii ^ S3 ^(NiCb)0| £ 132J M 

StJ& En ASK Stfll- OMXlSf , E 132J s^Ti B^- EAIS UEh 301 E3 SJ(M)SJ 3 

SQfl ^jUtl StfQI 1 20IQ. IDfihAI, E^ ^-(N)Sj B3 ^£-(end surface )0L Oflg #3, E 41011 

eais um eoi atieiii es shdi a#s cs eaiei^ xi-si-as, ^s^i a«Fc»tfa 

EAIEI- S-tf)! Afflict SH0I ffl^SJ-aiatt ?lx|0)l 5?*a|2a".lBll 4^ SQ. EPEWtf, OA 01 

ga-^^, 2ia<E«i a4 h iHi s:.#hi Ai-ti- stfoi -ais jnxiefe api Eia 221- ^aktmrk 
oswl s asHi Hi3 ^AioiiQji api -sai^ aaao.. ss^ »n a B2 ^aioh^i x^i ssai^ 

TMR ^AE ^EICM .-afc.fflaoii SIS ■- SAWS! API aiAi.^ .6MR !^A^ ^^EIOI aCK E&, 01 W\ 

So PI ?ia API aiAfg -wn SILK 

MO ^MaifiS fiSSlS-, 01 API t!!Ai(60)^ E 43^1 EA|£! Uffl SO] S3MAI A1S Slilufe 

a v** cchEi- si ?fe s^ttffler-a-Bms^oia s vhh ^Mfe z*-a«f'2i ^s-^ars-^ 

^E^S Ef«01W£ 71 S) (60a), Ol .a (60a->g0)| S^S ^1 'CTS| 6MR iAK61 LH 

A| 64, 71 LHA| 74), 0| S l (60a)^CHI ^S^! Sfl 8JH°| I»E(65 LHA| 68, 75 LH A| 78), » SHEM2I- ^ 
AflM g^fe SJCK 

AiM X^ 6MR rfcAK61fe, tj(60a)BJ St« CH^F g^.SS Of-EPrCHlAi X^2| g2J Stf^g 
(60a)2J B¥ 5S01I ^«E|Oi an/ E 420)1 iltfl£ EAI^! SOL S S°|" H§^J Al-fh Btfs; x 

^ej asrom. B12 x^. qmr ^ak62)^, s.(60a)2i cH^f zmiMH 

MB] S(60a)?| E&Oil 9SEIGH aH/E 42W1 t^SS EAIS. dFEF. SOL 5! #HJ 2§ 

^! AF5(- gMfS X^Bj g£j BHSJIO- H3 X^ QMR iAK63)&, &(-6'ba)HJ S4F2j CH-SF-«3¥ 
^I^DilAI X^2| gf2j -BtES a.(60a)H| SSEIH, .S.'-«D|'Srtf3Eg EAIS HfErSOL B 

#°J-H§S »ft-atlS"-X«2l.SS| aaolO. »4 m BMR iAK64).£, S(6Ga)2|-Y* BtfSj Q|BF S 
3"¥ OKH^OUAI X^BJ gfSJ B«S2S Si(60a)B| &¥ SSEIJI, E 420j| Steffig EAIS 

hhi- sol a 2§s »a;attf^-5s*2i ■.a°i-.-"a«K3io. 

XIII Y^ 6MR ^AK71)~, S(60a)2J -X*.»»2| CH^f Sg.5^&)|A| YA^I ft^og S(60 

a)2| SS-CHI SSEII2, E 42011 g^IS EAI3 OKI- SOL B #31 Hg^i Xhtf- Y^Sj g= 

S| a«fO|D-. H2 Y^ 6MR ^AK72)^, sJ (60a)S| X^ BS2|. tH :SST¥ " 3Eg ^ftWIAl Y^2J gp2| & 
4fSS SC60a)°J ^Qfl **3E|H, E. 420)1 shtfSS EAIS b(2f W0|, E H§S W» a*F 
S V^£J gfoj H^roiLK 7HI3 ■ V* Qlfi ^AK73)^ S(6(3a)°| X^ gt>^ CH^F §^ $miM V 
g2J a(60a)°J ^0)1 «'SE|Ili E 420)1 sl-fe^S EAIS UhEh'SOl, B -t^K Hg 

a Af-sh S*fs y^£| S'2J. BtFDlQ. 7314 Y^ 6MR ^AK?4)fe, SC60a)2) X^ S*J=2| CH^F 
5|^D)|A| Y^2| S2) gt/o^ g.(60a-)S|-E^ 3#0II SSEIill, E 420)1 S-tfiS EAIS b>£F BOL 3 
#°J J2§S Al-sh iJtfS Y^HJ ^EJ StfOIClK 

QMR ^Af#(61 LHAI 64, 71 LHA| 74)£ S (60a) 0|| A)2| a $|x| ^ S"(60a)0« im S I1SS! W» 

.awpLOSOs a*, asiwa. ai*- ^s^i stter ^lk -imw. n qi x^ gmr 
^AK6i)M aa«isAi:A»«itB om «.sao." 

Bll X* GMR 4AK61)~> SSESi E 43 a E 432| 2-2fll EQ-EK 13^^ 1E^ flll X§ 6MR ±X[ 
(61)2| 7H^F S9E£! E 440)| EAIS Bh&h HOL ISM ^ (spin valve f im)(SV)SS E*0)A|D1 Y 
* SST^S gStfM ^ ^01 [0 sa-¥9(6ta,.V6ia)-a; ^ ^01 [Q »a^(61a)"2| 

vm m?s\ °fE^°j «khm -asa cocrpt §1 -a>»aas em chap, mai^ a -"zra 

H|(square ratio)M ^ UKHOi^ AWSf(61b. . .61b)S# -ffiHfrffl aO. ^01 LP 
(61a... 61a)fe 2»7| UK)|0|£ A^H[(6lb)£| «g2| X^ StFSS "SS*K)I 2iS a»0| CP 
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(61a)« SWfil SIO-. 

Jill Xsj BMR £H<B1)S| *SH S«SV)S, E 4^| SJ-, -?iS0|| 2|SR EAia b(2|- SOI, EE| S(SE| 




=E| s(F)s, Xhsf- gtffll m 7tm ytfOJI W gilolfe 50111. 7l»(60a)2| UhS- ?|M 8 
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